Abstract. The correlation between neuronal activity and cortical hemodynamics, namely, neurovascular coupling (NVC), is important to shed light on the mechanism of a variety of brain functions or neuronal diseases. NVC can be studied by simultaneously measuring neuronal activity and cortical hemodynamics. Consequently, noninvasive measurements of the NVC have been widely studied using both electroencephalography (EEG) and functional magnetic resonance imaging (fMRI). However, electromagnetic interference between EEG and fMRI is still a major problem. On the other hand, near-infrared spectroscopy (NIRS) is another promising tool for detecting cortical hemodynamics because it can be combined with EEG or magnetoencephalography (MEG) without any electromagnetic interference. Accordingly, in the present study, a simultaneous measurement system-combining an unshielded MEG using a two-dimensional gradiometer based on a low-T c superconducting quantum interference device (SQUID) and an NIRS using nonmagnetic thin probes-was developed. This combined system was used to simultaneously measure both an auditory-evoked magnetic field and blood flow change in the auditory cortex. It was experimentally demonstrated that the combined unshielded MEG/NIRS system can simultaneously measure neuronal activity and cortical hemodynamics.
Introduction
Neurovascular diseases, such as stroke and Alzheimer's disease (AD), have become a serious social issue these days. In this regard, it has become increasingly important to measure both neuronal activity and cortical hemodynamics. Among a variety of noninvasive neuronal imaging techniques for the human brain, both electroencephalography (EEG) and magnetoencephalography (MEG) 1 can directly measure neuronal activity with time resolution below one millisecond. EEG is obviously the simplest and the most convenient neuronal imaging technique; however, its spatial resolution is low in principle owing to the inhomogeneous electrical conductivity in the human head, which consists of different kinds of tissues, such as, brain, blood vessel, cerebrospinal fluid, skull, scalp, and hair. On the other hand, MEG is better than EEG in terms of spatial resolution because of the homogeneous magnetic permeability in the human head. Moreover, MEG allows noncontact measurement, while EEG requires electrodes attached to the scalp.
In contrast to MEG and EEG, functional magnetic-resonance imaging (fMRI) and near-infrared spectroscopy (NIRS) [2] [3] [4] [5] can measure cortical hemodynamics caused by neuronal activity. The greatest strength of fMRI is its high spatial resolution in the whole brain, including the deep brain. NIRS, which is similar to EEG in terms of its portable hardware and light probes, is suitable for measuring cortical hemodynamics. Understanding neurovascular coupling (NVC), which is the correlation between neuronal activity and cortical hemodynamics, is an important factor in shedding light on the mechanism of a variety of brain functions and neuronal diseases. 6, 7 NVC has been widely studied by simultaneously measuring neuronal activity and cortical hemodynamics using two or more modalities. 8 For example, Logothetis et al. simultaneously measured fMRI and a few kinds of extracellular potentials of a monkey and found that the origin of the blood oxygen level dependent (BOLD) signal is not spikes but local field potentials, or synapses. 9 When it comes to focusing on NVC in the human brain, noninvasiveness is required. In accordance with this requirement, neuronal activity should be measured by using EEG or MEG, and cortical hemodynamic response should be obtained by using fMRI or NIRS. As for combining these modalities for NVC measurement, there are four combinations, as listed in Table 1 . Among these combinations, a high-field fMRI and MEG are obviously incompatible. The combination of EEG and fMRI has been widely reported in NVC studies; 10 however, in this case, electromagnetic interference between these measurements is an obstacle.
On the other hand, NIRS is compatible with both EEG and MEG, because it is based on optical measurement. 11, 12 In addition, MEG and NIRS are sensitive to local neuronal and hemodynamic responses, respectively, and the compatibility of the two modalities is thus favorable. Simultaneous measurement of neuronal activity and cortical hemodynamics using MEG and NIRS has been reported by only a few groups so far. For example, a neuronal activity and cortical hemodynamics from motorevoked responses were measured by using DC-MEG and NIRS with prism probe. 13 Moreover, those from somatosensory responses were measured by using whole-head MEG and NIRS with thin (10-mm thickness) probe. 14 A whole-head MEG system, in which more than one hundred superconducting quantum interference device (SQUID) 15 sensors are arranged surrounding the subject's head, has been hitherto commercialized by several companies. Taking advantage of the multi-channel sensing, this type of MEG system is aimed at imaging the neuronal activity in the cerebral cortex. On the other hand, an MEG system is available at only a small number of hospitals or research institutes due to its huge cost (several million dollars) and its large footprint (more than 30 m 2 ). An MEG system with smaller size and lower cost than a conventional MEG system is therefore required. Accordingly, we previously developed an unshielded bilateral MEG system using a new type of gradiometer based on a low-T c SQUID. 16 Its cost is less than half a conventional MEG system with a magnetically shielded room (MSR), and its footprint is less than a third.
In the present study, we aimed to develop a simultaneous measurement system based on unshielded MEG and NIRS. The developed system has no MSR and is therefore small, open, and low-cost, compared to the previous system using a conventional MEG with an MSR. The present study focused on auditory responses because it is reported that auditoryevoked magnetic field components such as the N100 m are important indicators of cognitive dysfunction. For example, it has been reported that N100 m latency is significantly delayed in patients with AD 17 and dementia. 18 Moreover, patients with Down syndrome (DS) significantly delay and attenuate the intensity of N100 m and delay without attenuating the intensity of P50 m responses over both hemispheres. 19 Cognitive dysfunction in these diseases has been thought to be associated with degeneration of the cholinergic system. It has also been reported that auditory-evoked magnetic field latencies of the P50 m and N100 m are modulated by scopolamine, which temporarily blocks the cholinergic system. 20, 21 On the other hand, a variety of NIRS studies with regard to cognitive dysfunction have been reported. 22 In this context, studying NVC using MEG and NIRS is one of the most appropriate methods for shedding light on human cognitive dysfunction.
Method

NIRS Probes
There are two requirements for optical probes in the case of combining NIRS with MEG. The first requirement is that optical probes should be nonmagnetic because optical probes using magnetic material such as steel obviously generate much greater magnetic noise than MEG signals do. The second requirement is a thin shape for minimizing the gap between the MEG sensor and head, because the intensity of MEG signals drastically decreases as the gap increases.
With regard to the first requirement, for a conventional NIRS probe, as shown in Fig. 1(a) , an L-shaped metallic part for reinforcing optical fiber and a metallic spring part for attachment of probe are used. In the present study, we moved a conventional NIRS probe at a distance of about 10 cm from SQUID gradiometers and it was experimentally confirmed that a conventional NIRS probe generates magnetic-field noise of more than a few hundred picotesla, which is more than one thousand times larger than the strength of the MEG signals, due to its movement. It was therefore concluded that these metallic parts interfere with MEG measurements and should be removed for simultaneous measurement by MEG and NIRS. As for the second requirement, thickness of a conventional NIRS probe is 40 mm, which should be reduced as much as possible.
In view of these requirements, we developed nonmagnetic thin NIRS probes, as shown in Fig. 1(b) . The NIRS probes are 12 mm in diameter and only 5 mm in thickness. The fiber is also L-shaped, but no metallic parts are used. This structure enables the gap between the head and the outer surface of the cryostat less than 10 mm. Four incident nonmagnetic thin NIRS probes (sources) and four detection nonmagnetic thin NIRS probes (detectors), which were arranged alternately, separated by 30 mm, in a 2 × 4 lattice pattern, were fixed on a flexible plastic sheet and then attached to the head by a rubber band. This configuration resulted in 10 measurement positions, each corresponding to the midpoint between a source-detector pair, as shown in Fig. 1(c) .
System Configuration
The simultaneous measurement system based on unshielded MEG and NIRS is shown in Fig. 2(a) . The optical fibers are 5 m in length and the NIRS system is located about 3 m apart from the unshielded MEG system to avoid interference of electromagnetic noise from the NIRS system. Figure 2(b) shows configuration of the simultaneous measurement system. The bilateral unshielded MEG system uses four twodimensional (2D) gradiometers and two symmetric cryostats. 16 The gantry is 1.5 m wide, 2.3 m tall, and 1.0 m deep, and the total footprint of the MEG system, including a chair, a signal processing unit, and a personal computer, is no more than 10 m 2 , which is about one third of the footprint of a conventional MEG system with an MSR. The cryostats can be symmetrically positioned in three directions: vertical, horizontal, and rotational. This configuration makes it possible to detect bilateral neuronal activity in the cerebral cortex. An acoustic stimulator is connected to both the MEG and the NIRS systems to synchronize timing of the both systems. The acoustic stimulation was delivered by using nonmagnetic earphones with plastic tubes. A photograph of the pair of SQUID gradiometers used in this system is shown in Fig. 2(c) . Each SQUID gradiometer consists of a niobium-based conventional dc SQUID and a wire-wound pickup coil. The pickup coil detects a magnetic-field gradient in two orthogonal directions, or ∂∕∂xð∂ 2 B z ∕∂z 2 Þ, and reduces environmental magnetic-field noise by more than 50 dB. 23 The sensitivity of the gradiometers is about 10 fT∕ðcm · ffiffiffiffiffiffi Hz p Þ. The planar baseline and axial baseline of the gradiometer are 46 and 50 mm, respectively, and each coil is 18 mm in diameter.
The planar arrangements of the two pickup coils are perpendicular to each other, as shown in Fig. 2(c) . In addition, the gradiometers are cooled by liquid helium in a cryostat and operated by a direct-coupled flux-locked-loop (FLL) circuit fixed on the cryostat. The distance between the bottom pickup loop and the outer surface of the cryostat is 8 mm to achieve high signal intensity. The cryostat is coated by conductive material to shield high-frequency electromagnetic fields, which degrade SQUID performances.
The probes were connected to an NIRS system (ETG-7100, Hitachi Medical Corporation, Japan), which simultaneously irradiates light with wavelengths of 695 and 830 nm through an optical fiber to one irradiation point. The average power of each light source was 2.0 mW, and each source was modulated at a distinctive frequency (1 to 10 kHz) to enable them to be separated by a lock-in amplifier after detection. The transmitted light was detected every 100 ms with an avalanche photodiode through an optical fiber located 30 mm from the incident position.
Simultaneous Measurement of Neuronal Activity and Cortical Hemodynamics
The combined system was used to simultaneously measure the auditory-evoked magnetic field and hemodynamic response of 12 subjects. Auditory stimulation was performed by using 30 cycles of block design (30 s stimulation and 30 s rest). Specifically, a 1-kHz-tone burst of 100 ms duration was applied to the both ears at a frequency of 1 Hz during each 30 s stimulation period, as shown in Fig. 3(a) . MEG data were acquired at a sampling rate of 1 kHz and passed through band-pass filtering at 0.1 to 50 Hz and comb filtering to eliminate power-line noise in real time. On the other hand, NIRS data were acquired at a sampling rate of 10 Hz and were passed through band-pass filtering at 0.01 to 0.5 Hz. As for sensor positioning, the international 10 to 20 system, which is usually used for the EEG electrode arrangement, was used. Specifically, both the lower right NIRS incident probe and the According to a dual-wavelength analysis based on the modified Beer-Lambert law, the concentration changes of oxy-hemoglobin ("oxy"), deoxy-hemoglobin ("deoxy"), and total hemoglobin ("total") are approximately obtained using the logarithms of the intensity changes ΔAðλÞ, and absorption coefficients of oxy-hemoglobin ε HbO 2 ðλÞ, and deoxyhemoglobin ε Hb ðλÞ for two wavelengths, λ 1 and λ 2 . Table 2 .
Experimental Results
Figures 4(a) to 4(d) show four typical examples of both auditory-evoked magnetic field measured by using the pair of 2-D gradiometers (left) and hemoglobin-concentration change measured by using the nonmagnetic thin probes (right). Both MEG and NIRS data were obtained by averaging over trials. According to the MEG results, the N100 m (i.e., the magnetic counterpart of electric N100) peak, which appears about 100 ms after the onset of the auditory stimulus, is clearly detected for all the 12 subjects. Moreover, N100 m peak is positive at channel 1 and negative at channel 2 for all the subjects. As for the NIRS data, the behavior of each hemoglobinconcentration is different from one another unlike the MEG data. Therefore, we calculated t-values to determine whether the hemoglobin concentration significantly changes in the stimulation period or not compared to that in the rest period. Specifically, t-values were obtained by statistically comparing 5 s moving average for every 1 s in the stimulation period to 5 s average from −5 to 0 s in the rest period. Table 2 shows maximum or minimum t-values and its time (shown in the bracket) obtained by comparing resting and stimulating period for the concentration changes of oxy, deoxy, and total hemoglobin. Obvious artifacts were eliminated for averaging, and trial (averaging) number for each subject is also listed on the table. According to the paired t-test (degrees of freedom is trial number minus one), at least one parameters among oxy, deoxy, and total hemoglobin-concentration changes (namely, cortical blood flow) significantly change during the stimulation period (0 to 30 s) for all the 12 subjects.
Discussion
The developed MEG system has a pair of SQUID gradiometers on a side. Each pair of SQUID gradiometers can detect not only MEG waveform but also quasi neuronal current (I x , I y ) using the following equation: 16, 24 
where Φ 1 and Φ 2 are magnetic fluxes detected by pickup coils channel 1 and channel 2. As described in the Sec. 3, the polarities of Φ 1 and Φ 2 are always positive and negative respectively for all the 12 subjects. Therefore, direction of the neuronal current of N100 m can be estimated to be backward and downward, which is in good agreement with a well-known fact. 25, 26 On the other hand, this system is not aimed at mapping the neuronal activity, or finding localization of a source because of the small number of sensors. However, the gradiometer design does not limit the number of sensors; therefore, it is possible to make an unshielded whole head MEG system by arranging multiple 2-D gradiometer pairs.
As shown in Fig. 4 , neuronal responses are fast, usually less than one second, while hemodynamic responses are slow, usually more than several seconds. It is thus difficult to compare both responses and to understand NVC. However, it is possible to understand NVC by using a correlation function between the neuronal and hemodynamic responses. 14 NIRS studies with auditory cortex activation have been also reported for both adults [27] [28] [29] and infants. 30, 31 These studies are mainly based on linguistic viewpoint. On the other hand, this study focuses on simple auditory stimuli. That may be the reason why some NIRS data shows deactivation, namely, decrease in oxy hemoglobin or increase in deoxy hemoglobin, as shown in Fig. 4 and listed in Table 2 .
The tip of the NIRS probe shown in Fig. 1(b) is 3 mm in diameter and 1 mm in length, which makes it difficult for the tip to be tightly attached to the scalp covered with a large amount of hair. Therefore, it may be favorable that the tip would be about 3 mm.
Concluding Remarks
A simultaneous measurement system based on a combination of unshielded MEG and NIRS was developed and used to simultaneously measure an auditory-evoked field and increased cortical blood flow. It was experimentally demonstrated that the combination of unshielded MEG and NIRS can simultaneously measure neuronal activity and cortical hemodynamics. The combined system will be useful for studying neurovascular disease such as stroke and AD. Table 2 Maximum or minimum t-values and its time (shown in the bracket) obtained by comparing resting and stimulating period for the concentration changes of oxy, deoxy, and total hemoglobin. Time axis is given in Fig. 4 . Bold number with asterisk shows a significantly large or small value judged by paired t-test (degrees of freedom is trial number minus one). 
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